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Figure 1.2-1: Crystallography of calcite and a naturally occurring calcite 
rhombohedron; a) crystallography of calcite described as rhombohedral (dark grey) and 
hexagonal (black) in relation to the cleavage rhombohedron (light grey); b) calcite 
rhombohedron as found in nature. 
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Figure 1.2-2: Geological calcite: natural rhombohedral morphology (left) and polished 
perpendicular to its [c]-axis (right); calcite in its natural rhombohedral morphology, cleaved 
along {104} shows strong birefringence whereas calcite polished perpendicular to its [c]-axis 
shows no birefringence. 
5 mm 
51̅ 2̅ 1̅ 2̅
 
 
6 
Figure 1.3-1: Shell mineralization in two compartments, the mantle (1st compartment) and 
the extrapallial space (2nd compartment). Within the first compartment, the inner mantle 
epithelium cells are in contact with sea water and are responsible for the uptake of calcium and 
bicarbonate ions. The ions are then directed towards the outer mantle epithelium cells and 
stored as ACC in vesicles. Within the extrapallial space, transition from amorphous to 
crystalline calcium carbonate occurs (depicted in detail in Figure 1.3-2). Herein the mantle 
possesses two different types of outer epithelium cells, central cells forming an inner aragonitic 
nacreous layer and marginal cells forming an outer calcitic prismatic layer. Figure adapted 
from Marin et al. (2008)40.  
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Figure 1.3-2: Two possible mineralization pathways within the second compartment.  
(1) Both pathways start with calcium and bicarbonate ions (2) being stored in the form of ACC 
granules in the outer epithelium cells. ACC is then either exocytosed as granules (3) or 
re-dissolved and exocytosed as ions (4) and re-assembled (5) just before reaching the 
mineralization site (6) to transform. Transformation from ACC to calcite is depicted in Figure 
1.3-3. Figure adapted from Wolf et al. (2016)43.  
8Figure 1.3-3: Transformation of hydrated ACC to crystalline calcite; starting with highly 
hydrated ACC, losing water and forming first monohydrate and then ACC, before 
crystallization. Figure adapted from Wolf et al. (2016)43. 
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Figure 1.3-4: Nanogranular structure in biominerals; a) AFM phase image of Glycymeris 
glycymeris treated with EDTA, b) TEM image of Pinctada fucata and c) XRD diffraction peaks 
of sea urchin spine and pure calcite; nanogranular structure is representative for omnipresent 
nanogranular structure in biominerals. Figure a) adapted from Wolf et al. (2016)43, b) Okumura 
et al. (2012)213 and c) Berman et al. (1990)72.  
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Figure 1.3-5: Seven different microstructures of mollusks (gastropods and bivalves):   
a) columnar nacre, b) sheet nacre, c) foliated, d) prismatic, e) crossed-lamellar, f) complex 
crossed-lamellar and g) homogenous. Figure adapted from Currey and Taylor (1974)76.  
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Figure 1.3-6: Ashby plot of biomaterials: Strength versus density of some natural 
materials. Mollusks exhibit an increase in strength of approximately five times compared to 
pure aragonite while the density remains constant (Mollusk shells and aragonite marked in red). 
Figure adapted from Wegst & Ashby (2004)22.  
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Figure 1.3-7: Ashby plot of biominerals: Toughness versus modulus of some natural 
materials. Mollusks exhibit toughness of up to three orders of magnitudes higher than pure 
calcite, while the modulus remains constant (Mollusk shells and calcite marked in red). Figure 
adapted from Wegst & Ashby22.  
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Figure 1.4-1: Gibb´s free energy during nucleation. Interfacial energy is positive 
destabilizing the new phase, Bulk energy is negative, stabilizing the new phase. Figure 
adapted from Cölfen & Antonietti (2008)113.  
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Figure 1.4-2: Crystallization pathway according Ostwald under thermodynamic and 
kinetic control. Instead of directly the most stable phase with the lowest free energy, the 
phase with free energy closest to the primary phase forms. Figure adapted from Meldrum & 
Cölfen (2008)5.  
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Figure 1.4-3: Crystal growth at “active centers”, i.e. kinks and steps and formation of new 
layers by nucleation of islands as described by Kossel (1934)116. Figure adapted from DeYoreo 
(2003)10.  
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Figure 1.4-4: Classical monomer-driven crystallization (grey arrow) and several 
possible pathways for non-classical particle-driven crystallization (all black arrows). 
The precursors in non-classical crystallization may have different morphologies undergoing 
different crystallization routes, i.e. crystalline or poorly crystalline nanoparticles would undergo 
oriented attachment to form a bulk crystal, whereas amorphous nanoparticles and droplets 
would form amorphous solid, undergoing phase transformation. Figure adapted from De Yoreo 
(2015)51.  
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Figure 1.4-5: Liquid/liquid phase separation in the CaCO3 - H2O system via binodal / 
spinodal decomposition. The blue region represents the undersaturated region of CaCO3 in 
H2O. The dark yellow region represents the region of indirect nucleation of solid CaCO3. The 
bright yellow region represents the metastable region; nucleation of dense liquid CaCO3 is 
possible, forming spherical particles. The beige region represents the unstable region; small 
concentration fluctuations result in spontaneous liquid-liquid phase separations. Figure 
adapted from Wallace et al. (2013)123.  
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Figure 1.4-6: Schematic drawing of spinodal decomposition (below) versus nucleation 
(above). Classical crystallization via nucleation and growth involves increasing size of the 
particles, whereas spinodal decomposition involves increasing concentration difference. 
Figure adapted from Müller & Böhme (2006)125. 
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Figure 1.5-1: Polymer-Induced Liquid-Precursor (PILP) Process depicted in four steps: a) 
after liquid-liquid phase separation, i.e. calcium carbonate-rich phase separated from a 
calcium-poor liquid, calcium carbonate-rich droplets stabilized via polymers form and accumulate; 
b) droplets coalesce forming a continuous amorphous film, c) Crystallization starts at several 
locations. Crystallization might be stopped, resulting in individual spherulites; d) or continued, 
resulting in a poly-crystalline film. Figure adapted from Gower & Odom (2000).  
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Figure 3.1-1: Prismatic structure of Pinna nobilis imaged via high-resolution 
micro-tomography. Prism formation is initiated at the upper part. The z-axis represents the 
time-axis (lower end represents latest prism formation). The prisms long axis is marked in grey 
(parallel to z-axis), the prisms cross-section is marked in black. Figure adapted from Bayerlein 
et al. (2014)134.  
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3.1.2.1. Unforeseen layers within the long axes of the prisms of Pinna nobilis 
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Figure 3.1-2: Hidden longitudinal-substructures in Pinna nobilis; a) polarized light 
microscopy showing long single crystalline prisms, b) layered Mg-distribution, c) layered 
S-distribution related to organic macromolecules, d) layered lattice distortions.  
Mg via WDX: 40-140 Counts 
S via XRF:   0-138 Counts;  Raman Peak width:  3.0-6.5 cm
-1
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Figure 3.1-3: Raman spectrum of calcite demonstrating the four characteristic peaks at 153, 
278, 711 and 1085 cm-1. Peak position of the 1085 cm-1-peak is marked in blue and peak width 
of the 1085 cm-1-peak in red; both are sensitive to crystallinity. Figure adapted from 
Harris et al. (2015)147.  
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Figure 3.1-4: Hidden substructures and hardness along one representative Pinna 
nobilis prism; a) layered Mg-distribution, b) layered organic macromolecule-distribution, c) 
layered lattice distortions d) Hardness curve via Berkovich indentation.  
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3.1.2.2. Unexpected outer rims within the prisms of Pinna nobilis  
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Figure 3.1-5: Polarized light microscopy image of the cross-section of Pinna nobilis 
prisms revealing single crystalline polygons. 
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Figure 3.1-6: Crystal orientation ω23 from HR-EBSD within the cross-section of Pinna 
nobilis prisms (ω23 represent the x-axis in the mapping); showing prisms behaving like 
single crystals and slight crystal lattice tilting towards the outer rims. 
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Figure 3.1-7: Crystal orientation from Raman spectroscopy within the cross-section of 
Pinna nobilis prisms; showing prisms behaving like single crystals and slight lattice tilting 
within the outer rims. 
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Figure 3.1-8: Sulfur distribution from XRF-analysis within the cross-section of Pinna 
nobilis prisms; showing homogenously distributed organic molecules within the prisms.  
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Figure 3.1-9: Normal strain distribution from HR-EBSD analysis within the 
cross-section of Pinna nobilis prisms, showing homogenously strained prisms and outer 
rims of -0.3-0.3% strain a) Normal strain ɛ11, b) Normal strain ɛ22 and c) Normal strain ɛ33.  
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Figure 3.1-10: von Mises equivalent stress distribution via HR-EBSD within the 
cross-section of Pinna nobilis prisms, showing relatively homogenous stress distribution 
within the prisms and up to 0.5 GPa von Mises stress within the outer rims.   
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Figure 3.1-11: Stress distribution via Brillouin spectroscopy within the cross-section of 
Pinna nobilis prisms, a) peak width and b) peak position.  
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Figure 3.1-12: Hardness curves via Berkovich nanoindentation, a) the rim of least lattice 
strain (negative control) and b) the rim of maximum strain ɛ22 and von Mises equivalent stress.  
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Figure 3.1-13: Summary of all techniques applied to unravel the hidden outer rims within the prisms of Pinna nobilis; a) polarized light 
microscopy, b) HR-EBSD - lattice rotations, c) crystal orientation via Raman spectroscopy, d) S-mapping via XRF, e-g) HR-EBSD – strain, 
h) HR-EBSD - von Mises equivalent stress, i-j) Brillouin spectroscopy, k-l) nanoindentation along k) negative control, l) maximum e22-strain and von 
Mises stress. 
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3.1.2.3. Crystal lattice reorientation within the prisms of Pinctada margaritifera 
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Figure 3.1-14: Unforeseen organic substructures in prisms of Pinctada margaritifera;  
a) polarized light microscopy showing crystal lattice splitting and re-orientation, b) distribution of 
organic macromolecules, c) EBSD confirming crystal lattice splitting and re-orientation,  
d) EBSD showing modulus distribution, e) cross-section cutting exterior and interior prisms,  
f) Nanoindentation revealing modulus distribution of exterior and interior prisms. 
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Figure 3.2-1: Schematic drawing of the three possible loci of the organic 
macromolecules with respect to the calcitic nanogranules, depicting the granules in black 
and the macromolecules in pink:  
I) Organic envelopes surrounding the granules forming organic envelopes  
II) Homogenously distributed organic macromolecules  
III) Organic nuclei located within the center of the granules forming nuclei  
 
Figure 3.2-2: Relationship of the possible loci of organic macromolecules. The center of 
the drawing represents a combination of all three possible loci, consisting of homogenously 
distributed organic macromolecules (II) with an increased amount of organic towards the grain 
boundaries (I) and within the center (III).  
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Figure 3.2-3: Fracture surfaces of geological Calcite; a-b) SEM showing a smooth 
cleavage plane along {104} as well as river lines and steps at the microscale, c-d) AFM phase 
imaging and amplitude showing close to atomically flat {104} cleavage plane at the nanoscale.
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Figure 3.2-4: Interaction volume of the cantilever on a comparably smooth surface (left) 
and within narrow grooves (right); in case of narrow grooves the cantilever tip might sense 
attraction from multiple contact points. Figure adapted from NanoWizard®AFM Handbook206.  
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Figure 3.2-5: Fracture surfaces of Pinna nobilis; a-b) SEM overview showing prisms 
fractured in various orientations on the microscale, c-d) AFM phase imaging and amplitude 
showing relatively spherical nanogranules, partially surrounded by a second phase (arrows). 
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Figure 3.2-6: Fracture surfaces of Pinctada margaritifera; a-b) SEM overview showing 
prisms, all fractured along the same plane on the microscale, revealing edged particles at the 
nanoscale, c-d) AFM phase imaging and amplitude showing superior edged particle being 
divided into smaller particles, superior particles surrounded by a second phase (arrows).   
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Figure 3.2-7: Fracture surfaces of geological and biogenic Calcite;  
a-d) geological calcite, showing smooth {104}-cleavage and river lines; e-h) Pinna nobilis, showing at 
the microscale prisms fractured in various orientations and at the nanoscale globular nanogranules; i-l) 
Pinctada margaritifera, showing at the microscale prisms fractured all along the same plane and at the 
nanoscale edged granules.  
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Figure 3.2-8: Supposed distribution of organic macromolecules relative to the 
nanogranules; two types of organic macromolecules are expected to co-exist: organic 
macromolecules surrounding the granules forming organic envelopes and organic 
macromolecules being homogenously distributed within the granules. The ratio between 
intergranular and homogeneously distributed organic macromolecules is expected to vary 
within different species and phyla.  
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3.3.2.1 Flexibility of individual prisms of Pinna nobilis and Pinctada margaritifera 
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Figure 3.3-1: Flexibility testing of geological calcite (a) and of prisms of Pinna nobilis (b) 
and Pinctada margaritifera (c); a) geological calcite fracturing brittle at bending δ/L ~ 0.1%; 
b) Pinna nobilis and c) Pinctada margaritifera showing flexural response fracturing at bending 
δ/L ~ 12% and 6% respectively. Geological calcite is tested with a home build 
micromanipulator, biogenic prisms with a micromanipulator from Kleindiek. 
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3.3.2.2 Strength of pristine and heat treated prisms of Pinna nobilis  
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Figure 3.3-2: Bending strength of pristine and heat treated prisms of Pinna nobilis; a) 
prisms separated with NaClO, b-d) micro three point bending test set-up, e) Bending strength of 
pristine and heat treated prisms. 
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3.3.2.3 Fracture toughness of the holistic prismatic layer of Pinna nobilis and          
Pinctada margaritifera  
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Figure 3.3-3: Drawing of indent with crack propagation. c = crack length from center of 
indent, l = crack length from indenter tip, a= half of indentation diagonal. Figure adapted from 
Munz & Fett229 
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Figure 3.3-4: Vickers indents for fracture toughness determination; a) geological Calcite, 
b) Pinna nobilis and c) Pinctada margaritifera. Cracks are classified as Palmquist cracks (as 
𝑐
𝑎
 < 3.5 in all three materials) and fracture toughness K1C is thus calculated according Anstis. 
Scale bar valid for all indents. 
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Figure 4.1-1: Polymer-Induced Liquid-Precursor (PILP) Process depicted in four steps:  
a) calcium carbonate-rich droplets stabilized via polymers form and accumulate; b) droplets 
coalesce and form a continuous amorphous film, c) crystallization starts at several locations. 
Crystallization might be stopped, resulting in individual spherulites; d) continued crystallization 
results in a poly-crystalline film. Figure adapted from Gower & Odom (2000). 
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Figure 4.2-1: PILP spherulites via polarized light microcopy (a, c, e) and XRF analysis 
(b, d, f); a-b), straight c-d) curved and e-f) banded spherulites.
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Figure 4.2-2: Fracture surface analysis of PILP spherulites;  
a) home-built PILP film mount, PILPs spherulite placed in between two 
polished aluminum plates, b) SEM overview showing smooth 
water-interphase and rough air-interphase, c) SEM detail of fracture 
showing spherulitic growth (marked with white arrows), d-e) AFM imaging 
showing nanogranular fracture surface; white arrow marks potential 
intergranular organic; d) phase image, e) amplitude; d) + e) detail from c).  
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Figure 4.2-3: Two Categories of spherulitic growth;  
Category 1: Nucleation at zero dimensional nob (marked in red), multidirectional growth  
Category 2: Nucleation at one dimensional chain (marked in red), unidirectional growth and 
low-angle branching. Figure adapted from Gránásy et al. (2005).  
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Figure 4.2-2
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Figure 4.2-4: Flexibility testing of geological calcite, calcitic prisms of Pinna nobilis and 
PILP spherulites; a-c) geological calcite fracturing brittle at bending δ/L ~ 0.1%; d-f) Pinna 
nobilis showing some flexural response, fracturing at δ/L ~ 12%, g-i) PILP spherulites showing 
significant flexural response, fracturing at δ/L ~ 32% (Geological calcite is tested with a home 
build micromanipulator, Pinna nobilis prisms and PILP spherulites with a micromanipulator 
from Kleindiek).  
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